Introduction
evolution of anal fin pigmentation patterns primarily include two patterns: egg-spots, i.e.
9
conspicuous pigmentation patterns with a circular boundary, originate once in the most 1 0 0 species-rich lineage, i.e. haplochromine lineage (Salzburger et al. 2005a (Salzburger et al. , 2007 ; and the with sexual selection (Wickler 1962; Hert 1989; Theis et al. 2012 Theis et al. , 2015 . By far, only a few studies begun to dissect the genetic basis of these anal fin which suggested that a xanthophore related gene, csf1ra, is expressed in egg-spots and has patterns between the blotch and egg-spots; thus, concluded that these two traits do not have Forty-four transcripts showed similar expression patterns in both the blotch and egg-spots. could be explained by the integration of recent duplicated genes into our analysis, which is explained by the reasoning that the trait itself is under selection, or alternatively that the 2 6 3 formation of the trait integrated advantageous genes in the network, which conserved the 2 6 4 phenotype during evolution. Since common transcripts also showed significantly higher 2 6 5 evolutionary rates than pattern specific transcripts, we prefer the later scenario. In any case, 2 6 6 they both suggest that the common genetic basis is important for the origin of these 2 6 7 convergent anal fin pigmentation patterns. Then what is the common genetic basis and its role in the convergent evolution of anal melanophore-related genes (mitfb, gpnmb, trpm1a, ednrb, trpm1b and sox10) , the iridophore-
related gene (pnp4a), the xanthophore-related gene (pax7) and the connexion-related gene
cx45.6 can induce irregular stripe pattern formation in zebrafish (Shin et al. 1999 ; Hou et al. network. The genes fhl2b (iridophore-related gene), pax7a (xanthophore-related gene) and
melanocortin were also reported to be associated with pigmentation pattern formation either
on the anal fin (fhl2b) or in skin (pax7a and melanocortin) in cichlid fishes (Salzburger et al. showed a significantly higher interaction degree than the average degree of total gene 2 8 6
network. In addition, signalling pathways and metabolism pathways occupied a large portion of 2 8 9
the shared pathways between the blotch and egg-spots. It is unsurprising that metabolism 2 9 0 pathways were involved in these sexually related traits, considering the important trade-off of system, which in fish, can only be obtained through diet; it is important to trade off its allocation between immune response and sexual signalling (Theis et al. 2017 ). In addition, many patterning related signalling pathways were shared between the blotch and egg-spots, these novel patterns. The re-use of the same large portion of the metabolic and signalling 3 0 0 pathways again indicated their importance in the formation of both egg-spots and the blotch. Although both the blotch and egg-spots are novelties, their patterns are quite different.
The blotch is a reddish pattern with an irregular boundary, exhibiting no varieties among underlying the different patterns and evolvability between the blotch and egg-spots . Genes are not isolated from each other, but rather remain connected. Although common genes were shared, more specific pathways were found in egg-spots, especially for signalling pathways and metabolic pathways. Additionally, more direct interactions were 3 1 8 observed among common genes for egg-spots genes than those of the blotch in FCNs, especially for the connections with patterning related TFs (crem, sox5 and zeb2b), and genes
belonging to patterning related signalling pathways (bmp7a, wnt7aa and kita) in the CCN of independent network can free the evolution of egg-spots from the ancestral anal fin network
compared to the blotch (intrinsic factor, developmental constraint). In addition, the DE 3 2 9
transcripts of egg-spots showed higher evolutionary rates than those of the blotch, both in
total and in FCNs, especially in the signalling pathways. Additionally, there are larger
percentages of transcripts under positive selection in egg-spots than in the blotch. These
findings further suggest that evolutionary advantageous genes can be recruited in the egg-
spots gene network, which can be causally linked to the high evolvability of egg-spots
(extrinsic factor, selection). Noticeably, there was a large difference in the numbers of down-regulated DE
transcripts between the blotch (11) and egg-spots (429). This difference could be due to the
effect of lineage-specific position related transcripts that were not ruled out based on our
strategy. However, this explanation is unlikely, considering the very closely related genetic are important for the origin and evolution of egg-spots. Theses connections form a relatively
independent gene network that frees egg-spots to evolve into diversified phenotypes (different
numbers, positions, sizes and colours) (intrinsic factor, developmental constraint). The
relatively homogenous anal fin background could also prompt this diversification.
Simultaneously, the integration of advantageous genes, especially those related to signalling including more samples across the phylogeny in cichlid fishes will be helpful to test this
hypothesis. This hypothesis here can further illuminate the mechanism of the origin and 4 0 9
evolution of novelties in a broad sense. Laboratory strains of C. macrops were maintained at the University of Basel treatments were performed using the using the RNA clean&Concentrator™-5 (Zymo
Research Corporation, USA). RNA quality and quantity was determined using Nanodrop 4 2 7 1000 spectrophotometer (Thermo Scientific, USA) and Bioanalyser 2100 (Agilent
Technologies, Germany). Libraries were generated using the Illumina TruSeq RNA Sample
Preparation Preparation Kit (low-throughput protocol) according to the manufacturer's NOVOALIGN (www.novocraft.com/) was used for mapping the reads against the reference.
The output SAM files of read mapping were subsequently transformed into the BAM format To obtain blotch candidate genes to the largest extant, the position and sexual effects 4 5 6
were controlled (for details see Figure 1A ). We did not use the same strategy to find egg-spots
candidate genes, since the females of A. burtoni also possess egg-spots, although they are less Gene expression clustering was visualized as a heatmap using the pheatmap R anomalies against the reference. To do this, we concatenated all the transcripts for each 5 0 0 species using Geneious followed by visual assessment. Subsequently, we constructed two transcriptome data and translated into amino acids followed by visual assessment. Afterwards,
individual transcripts were retrieved with Geneious. To detect the evolutionary rate of these DE transcripts, we aligned the sequences using within codeml in PAML (Yang 1997 (Yang , 2007 . Competing interests
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